Preventing mother-to-child transmission of human immunodeficiency virus transmission (MTCT) depends on early initiation of antiretroviral therapy (ART). We report the 18-month MTCT risk during the transition from Option A to Option B+ in Zimbabwe, and assess whether ART preconception could eliminate MTCT in breastfeeding populations.
Impact of Timing of Antiretroviral Treatment and Birth
Weight on Mother-to-Child Human Immunodeficiency Virus Transmission: Findings From an 18-Month Prospective Cohort of a Nationally Representative Sample of Mother-Infant Pairs During the Transition From Option A to Option B+ in Zimbabwe used to select a nationally representative sample of MHEIPs from public clinics providing routine child immunization from all 10 provinces in Zimbabwe. We described the sampling method to select the study clinics in detail elsewhere [6] . In brief, since the annual coverage of the first infant diphtheria-pertussis-tetanus vaccination (DPT1) in Zimbabwe was >95% in 2010 and 2011, we recruited participants at first routine child immunization clinics [7] . Our sampling frame was 1542 clinics providing routine DPT1 nationwide; we excluded 535 (34.7%) small facilities providing <100 DPT1 annually because of resource and logistical considerations. In each province, we divided the 1007 eligible clinics into 1 of 3 strata (clinics providing 100-140, 141-329, or ≥330 DPT1 annually), then used the simple random selection without replacement method to select 15% of clinics from each stratum. A total of 151 clinics were selected as study sites from 27 strata nationally.
In 2013, from February to August, we spent 6 weeks at each study clinic to consecutively enroll all consenting pairs of caregivers and infants aged 4-12 weeks and not requiring emergency care. A trained nurse conducted face-to-face interviews asking if the biological mother accessed PMTCT services including HIV testing and status, CD4 testing, antiretroviral drug (ARV) use, and infant feeding method. Data from the child health card, antenatal care (ANC) card, and maternal outpatient card were extracted to confirm maternal self-report on HIV status and PMTCT services received. Questions on PMTCT services were omitted if the caregiver was not the child's biological mother. Infant dried blood spot samples (iDBSs) were taken for HIV testing, first with HIV serology to assess the infant's HIV exposure status, and then for the presence of HIV DNA to diagnose the HIV infection status of HEIs. All participants were scheduled to return to the clinic for the iDBS test results within 4 weeks after the baseline. During this follow-up visit, no blood samples were collected and all confirmed HEIs and their caregivers were offered enrollment for the 18-month follow-up.
MHEIPs were scheduled for follow-up at 6 months postdelivery, then every 3 months with a window of ±1.5 months until the child was diagnosed with HIV, died, or reached 18 months of age. If a MHEIP missed any study visit, the pair was eligible to return for a later study visit. At each follow-up visit, we interviewed the caregivers using a standardized questionnaire, which was similar to the baseline except for questions on ANC services and maternal HIV status. We collected iDBSs for HIV DNA testing at each study visit except at the final 18-month visit when infant HIV rapid testing was conducted, and results were provided immediately to the mother per recommendations [8] . The infant's HIV DNA test results were returned to the caregiver within 4 weeks.
Based on our baseline recruitment timing, participating HIVinfected mothers received Option A during pregnancy (ie, HIVinfected pregnant and breastfeeding women with WHO stage III/IV or CD4 count ≤350 cells/µL were eligible for ART; other mothers received zidovudine during pregnancy) [2] . As Option B+ (ie, all HIV-infected pregnant and breastfeeding women are eligible for lifelong ART) started in a few clinics in November 2013 then rolled out to all clinics nationwide by December 2014, ART should have been initiated for participating mothers who received Option A previously regardless of CD4 cell count during the transition from Option A to Option B+ [3] .
All participating caregivers provided written consent at the baseline and follow-up enrollment visit. We also obtained verbal consent each time an iDBS specimen was collected. Laboratorybased HIV test results were returned to participants by clinic nurses within 4 weeks. Routine HIV and other care and treatment services were provided per the national guidelines.
Laboratory-Based Human Immunodeficiency Virus Testing
We collected iDBS on Munktell-TFN 5-spot paper and sent to the National Microbiology Reference Laboratory, Harare, for testing for HIV antibodies using an enzyme immunoassay (EIA) (Ani labsystem HIV1/2 Ab EIA 3rd generation, Labsystems Diagnostics Oy, Vantaa, Finland). All antibody-positive samples were confirmed by a second EIA (Enzygnost Anti-HIV1/2 Plus, Siemens Healthcare Diagnostics Products GmbH, Marburg/ Germany). Baseline iDBSs with positive EIA results, or from infants with known HIV-infected mothers, were tested for HIV DNA by polymerase chain reaction (PCR) (COBAS Ampli Prep/COBAS TaqMan-CAP/CTM-Qualitative assay, version 1.0, Roche Diagnostics, Branchburg, New Jersey). All first positive or indeterminate results were confirmed by a second PCR test (Amplicor HIV-1 DNA, version 1.5, Roche Diagnostics).
Statistical Analysis
We excluded 5 twin infants from the analysis. We defined an HIV-infected mother if she was reported HIV-positive on her ANC card or the child health card or if her infant's baseline iDBS was positive by HIV EIAs. We defined an HIV-infected child if the iDBS was confirmed positive with DNA PCR or testing positive by 2 rapid HIV tests at 18 months of age.
A combination of retrospective and prospective cohort analysis approach was used to assess whether MTCT occurred perinatally and measured at baseline and at the follow-up visits, respectively. All analyses controlled for the complex survey design (ie, weighting, clustering, and stratification). Domain analyses were performed on subpopulations (ie, HEIs). Sampling weights were calculated as the inverse of the product of the multistage selection probabilities and adjusted for nonresponse.
Cumulative MTCT risks were estimated at a given age of HEI and infant's death was treated as a competing risk using the stcompet package in Stata (StataCorp LLC, College Station, Texas) [9] . MTCT rate and confidence intervals were estimated for each interval (HEI age ± 1.5 months) using Poisson regression. Person-month was treated as the exposure, and the dependent variable was MTCT. When MTCT was detected, person-month was calculated as the midpoint between last negative and first positive DNA PCR result.
Breastfeeding duration was calculated as the midpoint between the reported date of the last breastfeeding and the study visit when breastfeeding was stopped. For models with categorical predictors, the constant term was suppressed, and all levels of a categorical variable were included in the model. Variance estimation was performed using Stata's survey jackknife procedure. Cox regression analysis was used to estimate unadjusted and adjusted hazard ratios (HRs), 95% confidence intervals (CIs), and P values. The initial multivariable model included variables from single variable Cox models, with P < .25 (Wald test) [10] . The initial multivariable model was refit until all variables had P < .05. Interactions between variables in the final model were tested. Maternal age and breastfeeding duration were forced into the initial and final multivariable models.
The study protocol was approved by the Zimbabwe Medical Research Council and the Office of Associate Director of Science, the US Centers for Disease Control and Prevention.
RESULTS
A total of 6809 caregiver-infant pairs underwent screening for eligibility; 6051 (89%) consented to participate in the study ( Figure 1 ). Of those, we identified and enrolled 1172 MHEIPs for the follow-up and excluded 251 (4.1%) pairs from the analysis because the infants' HIV exposure or infection status could not be confirmed. There was no statistically significant difference between those pairs excluded vs included in the study regarding maternal age, marital status, education level, and the relationship of the caregiver to the infant. By the 18-month visit, we identified 76 MTCT cases, 54 HEIs died, and 827 returned for this visit.
We found that 20.3% (95% CI, 18.6%-22.0%) of infants aged 4-12 weeks attending immunization clinics were HEIs (Table 1) . Of HIV-infected mothers, 94.6% (95% CI, 92.7%-96.4%) reported attending ≥1 ANC, and 99.6% reported knowing their HIV status during pregnancy. Of those mothers who had ≥1 ANC, 20% (95% CI, 17.0%-23.0%) received first ANC before 14 weeks' gestation. At 4-12 weeks postdelivery, 70% (95% CI, 66.2%-73.8%) and 2.2% (95% CI, 1.4%-3.1%) of HIV-infected mothers reported exclusive breastfeeding and not breastfeeding since giving birth, respectively. By 18 months postdelivery, 57.9% (95% CI, 51.4%-64.3%) reported still breastfeeding. Figure 2 indicates the overall cumulative 18-month MTCT of 7.0% with 50% of the risk noted by 6 weeks (3.6%), and another 25% noted by 6 months postdelivery (incremental risk, 1.7%). MTCT rate was significantly higher during the first 3 months postdelivery (13.3 cases/1000 person-months) compared with the subsequent 3 months (5.3 cases/1000 person-months) ( Table 2 ).
Maternal ARV coverage was 80.2% during pregnancy including 16.0% only receiving zidovudine and 35.3% starting ART preconception (Table 1) . After giving birth, another 9.7% of mothers started ART; 96.0% of HEIs received nevirapine within 72 hours for the first 6 weeks postpartum. During the first 3 months postdelivery, the lowest MTCT rate was among those mothers starting ART preconception (3.9 cases/1000 person-months), followed by those starting ART during pregnancy (12.0 cases/1000 person-months) and those receiving zidovudine during pregnancy (22.1 cases/1000 person-months) ( Table 2 ). The MTCT risk measured at 6 weeks postpartum was 1.2% among mothers starting ART preconception, and was 2-fold higher (2.4%) in those starting ART during pregnancy (Figure 3) . Similarly, the postdelivery MTCT risk measured cumulatively from 6 weeks through 18 months was 1.8% and 2.7% in mothers starting ART preconception and starting ART during pregnancy, respectively. Of mothers starting ART during pregnancy, the MTCT rate was reduced from 2.6 to almost zero cases/1000 person-months from 6 to 12 months postdelivery (Table 2) . Meanwhile, the rate was decreased from 2.5 to 1.1 cases/1000 person-months among mothers started ART preconception.
The MTCT risks measured at 6 weeks and 18 months among HIV-infected mothers with birth-weight delivery <2.5 kg (low birth weight [LBW]) were >2-fold higher than those with birthweight delivery ≥2.5 kg (6.7% vs 3.0% and 13.5% vs 5.9%, respectively) ( Figure 4) .
In multivariable analysis, mothers starting ART preconception and during pregnancy significantly reduced the risk of MTCT throughout 18 months postdelivery by 88% (adjusted HR [aHR], 0.12 [95% CI, .06-.24]) and 58% (aHR, 0.25 [95% CI, .14-.45]), respectively, compared to mothers without ARVs (Table 2) . Mothers starting ART postdelivery had a 33% reduced MTCT risk compared to mothers without ARV (aHR, 0.67 [95% CI, .36-1.27]). Adjusting for other factors including maternal ART initiation timing, HEIs with LBW were 2.6-fold (aHR, 2.57 [95% CI, 1.44-4.59]) more likely to acquire HIV from their mothers compared to those with LBW. Our data also show that mothers aged ≤19 years and duration of breastfeeding did not significantly modify MTCT risk after controlling for the timing of maternal ART initiation and birth weight of HEIs. No statistically significant interaction between HEI birth weight and ARV initiation timing was found.
DISCUSSION
We found that as of December 2014, before Option B+ was implemented nationwide in January 2015, Zimbabwe attained a national cumulative 18-month MTCT rate of 7.0%. This finding is consistent with other cross-sectional surveys conducted in 5 provinces in Zimbabwe, which estimated the cumulative MTCT risk at 9-18 months of approximately 6.7% in 2014 [11, 12] . However, Goga et al reported South Africa's national cumulative 18-month MTCT of 4.3% also during the transition (2012-2014) from Option A to Option B+ as of August 2014 [13] . The higher MTCT in Zimbabwe is likely attributed to the lower coverage of ARV/ART use during pregnancy (80.0% in Zimbabwe vs 91.3% in South Africa) because both countries achieved ≥95% of women receiving ≥1 ANC visits; and 95% knew their HIV status during pregnancy per the validation criteria for the elimination of MTCT [5, 14] . With Option B+ implemented nationwide since January 2015, the coverage of ART during pregnancy increased to >90%; therefore, the cumulative 18-month MTCT risk could be decreased to <5% by 2017.
Among mothers starting ART preconception, we found the incremental MTCT risk after 6 weeks' age increased from 0.2% to 1.3% between the 6-month to 12-month postdelivery visits. Ngoma et al reported that the cumulative risk from 6 weeks through Loss to follow up. Abbreviations: HEI, HIV-exposed infants; HIV, human immunodeficiency virus; LTFU, lost to follow-up; MHEI, mother-HIV-exposed infant pairs; PCR, polymerase chain reaction.
18 months was double the early MTCT (1.4% vs 2.7%) among breastfeeding mothers starting ART between 14 and 30 weeks' gestation [15] . The increasing risk during postdelivery in the Zambia study and ours could be that many mothers did not adhere to ART after giving birth, resulting in viremia and, subsequently, increased MTCT. These findings underline the importance of taking ART to maintain durable viral suppression during breastfeeding. Compared to mothers receiving Option A (maternal zidovudine during pregnancy and infant nevirapine), the cumulative MTCT measured from 6 weeks to 6 months postdelivery among mothers Table 1 b Some mothers knew their HIV-positive status and did not attend ANC.
. Coverage of Antenatal Care and Prevention of Mother-to-Child Human Immunodeficiency Virus (HIV) Transmission Services Received by HIVInfected Mother/HIV-Exposed Infant Pairs During the Transition From Option A to Option B+, Zimbabwe, 2013-2014
c Of these 338 mothers, 34.3% initially received zidovudine, then ART.
d Of these 114 mothers, 61.4% received zidovudine during pregnancy.
starting ART postdelivery was lower (1.8% vs 4.5%), and similar to what was shown in clinical trials (1%-5%) in which all mothers started ART at 6 weeks postdelivery [16] [17] [18] . Because breastfeeding is a norm in most developing countries, it is important to identify HIV-infected mothers not on ART at the infants' first immunization visit to initiate treatment and reduce postdelivery MTCT.
MTCT detected at 6 weeks postdelivery was 1.2% among mothers starting ART preconception and 2.4% in those starting during pregnancy. Hoffman et al from South Africa reported a MTCT measured at 4-6 weeks postpartum of 0.7% among mothers starting ART preconception and 5.7% in those starting during pregnancy [19] . In France, Mandelbrot et al also reported Data are presented as transmission rate per 100 person-months (95% confidence interval) unless otherwise indicated. Among mothers starting ART during pregnancy and after giving birth, 34.3% and 61.4%, respectively, started with ZDV first.
Abbreviations: ART, antiretroviral therapy; ARV, antiretroviral drug; n, observed number of HIV-exposed infant-mother pairs; ZDV, zidovudine. a We assigned a window of ±1.5 months using exact age of the HIV-exposed infant. a 6-week MTCT rate of 0.2% in mothers starting ART preconception [20] . The lower risk among those starting ART preconception in both studies is likely due to a higher proportion of mothers with viral suppression during pregnancy. The 6-week MTCTs of 2.2% and 1.4% were also reported by Mandelbrot et al [20] and Ngoma et al [15] , respectively, among mothers starting ART between 14 and 30 weeks of gestation (the second and third trimester). In our study, though 95% of HIV-infected mothers received ANC, only 20% of these reported a first ANC visit within 14 gestational weeks; we suspect that the majority of ART initiations were between 14 and 30 weeks of gestation. These findings also suggest that the lower MTCT (1.4%) among mothers starting ART between 14 and 30 weeks of gestation reported by Ngoma et al is likely due to a higher proportion of viral suppression than that among mothers in France (2.2%) or in the present study (2.4%). Townsend et al (United Kingdom and Ireland) reported that each additional week of maternal ART during pregnancy was associated with the 0.5% MTCT measured at 6 weeks [21] . This finding again confirmed that the 6-week MTCT could be as low as 0.5% if ART were initiated early (eg, during the first trimester) to ensure good viral control. We found that LBW deliveries were associated with MTCT. Our data show that HEIs with LBW were at a 2.6-fold higher risk of acquiring maternal HIV than those with birth weight ≥2.5 kg. Some studies have also demonstrated that ART was associated with LBW delivery [22, 23] . However, our data show that the interaction between these 2 factors was not statistically significant. It is likely that 80% of HIV-infected mothers who received the first ANC visit after 14 weeks' gestation could have been ill, including acquiring other opportunistic infections or possibly transmitting HIV to their infants in utero before starting ART or zidovudine. These conditions may affect fetal growth. Additionally, European studies reported that use of ART (with or without protease inhibitors) in pregnancy was associated with an approximately 2-fold increase in preterm delivery [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . Although we could not directly measure the association of LBW and preterm delivery because 26% of the mothers did not remember their gestation age at delivery, preterm delivery may likely contribute to the number of LBW deliveries in our study. Our data show that the MTCT risk during postdelivery was also higher in mothers with LBW deliveries. It is likely that these mothers may acquire other infections or not adhere to ART postdelivery; therefore, viral load may increase despite the timing of ART initiation and increase MTCT risk. Additionally, these LBW HEIs may be more susceptible to acquiring HIV. Singh et al reported the possibility of increased susceptibility to infections in LBW newborns at term [36, 37] . Arboleya et al reported that deficiency or delay in the establishment of normal microbiota function seems to be present in preterm infants [38] . We also think that the higher MTCT risk may reflect gut immaturity among LBW babies [39] .
Our study design may not be optimal for determining the impact of ART timing on birth outcomes because we recruited 4-to 12-week-old infants and their caregivers attending immunization clinics providing ≥100 DPT1/year. Although the coverage of the DPT1 was >95% since 2010, and the retention was 78.2%, we acknowledge that our estimates may not reflect information from 100% of MHEIPs in Zimbabwe. Our findings did not account for those infants who attended the excluded clinics or died before 4 weeks of age; however, we cannot predict the direction of these biases. As only HEIs born to HIV-infected mothers who acquired HIV before or during pregnancy were recruited to the study, we may underestimate the 18-month MTCT because some mothers may acquire HIV during the breastfeeding period. Our data on ARV/ART and breastfeeding practice were based on self-report; consequently, we are not able to accurately report if women received first-or second-line ART, or the timing of ART initiation by gestational age.
CONCLUSIONS
Elimination of MTCT is achievable in limited-resource settings where breastfeeding is a norm. ART preconception has the highest impact on reducing MTCT; therefore, HIV-infected women of reproductive age should be prioritized in the "treatall" approach to eliminating MTCT. It is important to identify HIV-infected mothers not on ART at the infants' first immunization visit to initiate ART and reduce postdelivery MTCT. Importantly, MTCT risk is higher in mothers with LBW deliveries; thus, intensified maternal VL monitoring and support could reduce viremia and MTCT. Last, with high coverage of maternal ART and infant prophylaxis, breastfeeding may not increase MTCT risk and should not be discouraged. Table 3 Notes
